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Abstract 
A conceptual design of metallic  fuel fo r future Fast Breeder Reactors (FBRs) has been studied. The fuel 
consists of U-Pu binary alloy cladded in T91 alloy with Zr layer between the fuel slug and cladding 
material and  helium gas in semicircu lar groove region. Temperature dis tribution of this fuel has been 
evaluated for different Linear Heat Rate (LHR) for two types of geometry  with the help of Fin ite 
Element Method (FEM). Contact element has been considered between fuel and clad. Contact pressure 
due to differential thermal expansion between fuel and clad has been evaluated by FEM. Input data 
required for gap conductance was obtained from various models available for gaseous and solid to solid 
conductance. Effect of contact pressure and thermal conductivity of gas on gap condu ction has been 
studied. Based on detailed temperature d istribution it was found that Limiting value of LHR is first 
reached by clad eutectic temperature between T91 and U-Pu than fuel centerline temperature based on 
solidus temperature of fuel. 
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1. Introduction 
    A thermal analysis of metallic fuel for future fast reactor has been carried out. The objective of 
these metallic  fuel is to increase breeding rat io, besides power p roduction [1]. The conceptual design of 
metallic fuel for two and four groove geometry is shown in Figure-1.  
    The fuel slug consists of U+Pu metal, surrounded by a Zr barrier layer and enclosed in T91 
cladding material. Semicircular grooves are provided in the fuel slug for accommodation of irradiat ion 
induced fuel swelling. Helium is filled in the groove region.  
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Fig.1. Schematic diagram of the cross-section of (U-Pu) metallic fuel  
 
    The cladding with Zr barrier layer will be swaged on to the fuel slug and it is expected that there 
will not be any physical gap between barrier layer and fuel slug materials except for that due to surface 
roughness. There will not be any gap between Zr barrier layer and T91 clad due to perfect mechanical 
bonding and no visible gap through experiments with cyclic heating up to 750 oC has been found [1]. A 
typical dimension of the fuel is 6 mm diameter and assumed heating length of1000 mm. 
    The thermal performance of the fuel has been evaluated based on maximum allowable Linear Heat 
Rate (LHR) depending on the maximum permissible fuel centerline and clad  temperature. Fuel 
centerline temperature should be less than 1243 K to avoid fuel melting and maximum clad temperature 
should be less than 923 K based on clad eutectic formation between fuel and components of the 
cladding material [1]. Zr barrier layer is provided between fuel slug and T91 clad to avoid interaction 
between them, however clad temperature should be limited to avoid clad eutectic formation with fuel in  
case of Zr protective layer failure.      
    Analysis has been carried out to calculate temperature distribution across the cross -section of fuel 
pin using Fin ite Element Method (FEM). Interfacial or contact pressure due to differential expansion of 
fuel slug and clad has been evaluated from the temperature distribution and material properties data. 
The input data required  for gap conductance heat transfer coefficient has been evaluated for d ifferent 
models. The thermal conductivity and structural material properties data for U-Pu binary fuel, Zr layer 
and T91 cladding material are shown in Table-1 and 2 respectively which are collated from literature [1, 
12]. 
    
Table 1 Thermal Material properties used for the analysis  
 
Material Temperature 
(K) 
Thermal conductivity 
(W/m-k) 
U+ Pu 500 21 
700 25 
900 31 
1100 37 
1200 40 
1300 43 
Zr constant 19 
He constant 0.3 
T91 constant 28.5 
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Table 2 Structural Material properties used for the analysis  
S. 
N 
Material 
 
Young’s 
Modulus 
(MPa) 
Temperature 
for Young’s 
Modulus 
(K) 
Linear 
Thermal 
coefficient 
of exp.  
  ( /K)  
1 T91 
 
1.51 
E+05 
873 K 12.7 E-06 
2 Zr 
 
0.66 
E+05 
773 K 6.45 E-06 
3 U+Pu 
 
0.504 
E+05 
924 K 20.0 E-06 
 
    Heat generation rate in the fuel pin follows neutron flux pattern and it can be defined in terms of 
Linear Heat Generat ion Rate (LHR). There will be temperature variation in  fuel in  axial and radial 
direction due to axial temperature variation  of liquid sodium and variation  of LHR. Since fuel pin  
length to radius ratio is high and there is very high heat transfer coefficient in rad ial d irection due heat 
transfer through the liquid metal coolant, the effect of axial conduction may not be significant. For 
simplicity and to estimate the maximum fuel temperature, only 2-D geometry has been modeled.  
2. Approach to the analysis  
    The analysis has been done in  two steps. In first step location of the maximum centerline and clad  
temperature with corresponding LHR and coolant temperature have been evaluated bas ed on analytical 
method [2] for circular cylindrical fuel without groove (see Figure-2).  
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Fig. 2 Cross section view of circular cylindrical fuel without groove 
 
    In the second step detailed temperature distribution is obtained  (for circu lar cylindrical fuel with 
groove) with the help of FEM by knowing LHR and coolant temperature at those locations. The 
following steps are involved in the calculation.   
 average LHR is evaluated for bare and reflected reactor 
 coolant temperature rise based on average LHR was evaluated 
 forced convection heat transfer coefficient for liquid metal (Na) evaluated for given coolant flow 
velocity of 8 m/sec 
 total gap conductance which is a sum of gaseous and solid to solid gap conductance evaluated for 
different models available in the literature 
 Location of maximum centerline temperature and maximum inner clad temperature with  
corresponding LHR and coolant temperature evaluated by analytical method for fuel geometry  
having no groove. 
 Detailed temperature evaluated with the he lp of FEM analysis (for geometry having semicircu lar 
grooves) for input received (LHR and coolant temperature) from analytical analysis with gap 
conductance based on assumed contact pressure. 
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 New contact pressure was obtained with the help of FEM analysis and step (vi) repeated 
These are detailed in the following.          
 
3. Average and maximum power in a single fuel channel 
The linear Power distribution in a fuel channel is given as [2]. 
 
H
zqq 2cosmax  ,  where H
H
2
                                          (1) 
 
Where qmax, z, H and H’ are maximum linear power, axial distance of the fuel p in, axial length of the 
fuel pin for power generation for bare and reflected core respectively. 
  Average linear  power ( qav) in a fuel channel is written as  
sin
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2
2
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                              (2) 
 
Which is equal to max73791.0 qqav for cylindrical reflected reactor by putting 6
5
H
H  in β.  
For bare reactor 1
H
H  
Radial & axial variat ion of temperature (without axial conduction) in the  fuel (without any groove), 
clad and coolant can be evaluated using the analytical method given in [2].     
4. Gap conductance 
    The gap conductance is accounted for in the heat transfer between fuel surface and clad. Imperfect 
bonding between fuel and clad  affects the heat transfer. Gap conductance depends upon a number of 
parameters such as type of gap, surface roughness of fuel and clad, fuel and clad interface pressure in 
case of closed gap, structural material properties, and effective gas thermal conductivity in the gap, its 
pressure and temperature.  
    The gap heat transfer is usually expressed in terms of a gap heat transfer coeffic ient or gap 
conductance (htotal). If the temperature on the fuel surface and on the inner surface o f the cladding are T f 
and Tc’  respectively, then the linear heat flux across gap is given as  
 
'' 2 cftotalo TThrq                                                   (3) 
 
    Gap can be defined as open and closed type, in the beginning of life or for fresh fuel. Gap is open 
for some cases but closes due to differential thermal expansion of fuel and clad later on. For the 
proposed metallic fuel, the gap is closed in the beginning of life or for fresh fuel. Gap conductance for 
open and closed gap are discussed below. 
5. Open gap 
    In an open gap the fuel and cladding is not in physical contact, which is true for fresh fuel or for 
fuel operating at very  low linear power for some of the nuclear reactor. In this case the heat transfer 
from fuel to clad is due to gaseous conduction within the filled gas and radiation  (see Fig.3). 
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Fig. 3: Resistance Model of Gap Conductance 
  
    After staying in the reactor for long periods of time, the fission product gases such as Krypton and 
Xenon start releasing into the gap region containing Helium. The accumulation of gas in th is region 
increases the gap pressure. If the gap between the fuel and the cladding is much larger than the mean 
free path of the atoms at the prevailing pressure and temperature, the total gap conductance including 
radiation heat transfer can be given as  
rgtotal hhh  
    Where hg and hr are gaseous and radiation heat transfer coefficient or conductance. Radiation heat 
transfer can be neglected in case of very small gap. For small gaps, a steep change in the gas 
temperature is observed in the regions close to the solid surfaces . This steep change takes place within  
the mean  free path ( ) from the walls and called as the temperature jump. If temperature profile in the 
bulk gas region is extrapolated, it intersects the fuel and the cladding temperature in the solids at 
distance δ f and δc respectively. These distances are called as temperature jump distances and it should 
be added to the actual gap thickness. The gap conductance for open gap with temperature jump 
distances can be given as  
  r
cfg
g
t o t a l h
k
h                                                       (4) 
δg and kg are gap thickness and gas thermal conductivity respectively. 
 
6. Closed gap 
 
    Gap between fuel and cladding may close due to differential expansion of fuel and clad (see Fig. 4).  
Fuel will expand more because of higher temperature in comparison to clad. Th is differential expansion 
generates an interfacial pressure and the gap conductance depends upon this pressure. In the present 
case for metallic  U-Pu fuel there will not be any open gap because of swaging operation during 
fabrication  and fuel will be in closed gap condition from the beginning of life itself. Later on due to 
differential expansion coming from the of temperature rise in the reactor, it will exert more interfacial 
pressure and gas pocket will try to reduce. This will improve gap conductance further. At very high 
pressure softer material flow and fill the gas pockets. 
 
 
 
Fig.4. Fuel - Cladding gap for closed gap 
 
    In closed gap condition, gap conductance is due to gaseous conduction and solid to solid 
conductance. Solid to solid conductance model which is used in FRAPCON-3 [3] is given below.  
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                                     (5) 
 
 
 
 
Where hs    = solid-solid conductance 
      Prel  = ratio of interfacial pressure to cladding Meyer hardness  
      km  = mean conductivity (W/m-K) 
      R = 22 cf RR , where Rf  and Rc are roughness of fuel and cladding 
     R =  333.3 Prel, if Prel ≤ 0.0087 
      =  2.9,           if Prel  > 0.0087 
     E = exp[(5.738-0.528 ln (Rf * 3.937E+07)] 
    Meyer hardness is expressed as indentation load divided by projected area of the indentation. The 
Meyer hardness is said to be true representation of hardness [4] .  
  
Mean conductivity can be given as  
  
       
cf
cf
m kk
kk
k
2
                                                           (6) 
Where kf and kc are fuel and cladding thermal conductivity respectively. 
    The above model is applicable up to contact pressure of 4000 psia and beyond this pressure it is 
expected to yield lower estimates because localized creep or plastic deformation of the cladding will 
decrease the average separation of the surfaces and increases the points of contact, therefore increasing 
the contact conductance. 
 
The solid to solid conductance based on SAMURA [5 , 6] can be given as  
 
n
mo
ms H
P
Ra
kh 2/1
1                                                           (7) 
 
Where km is the mean conductivity and P& H are contact pressure and Meyer hardness for softer 
material. For softer material ‘n’ can be taken as 1.0 but for conservative analysis n is taken as 0.5.  ao is 
constant and Rm is the root mean square roughness between the fuel and cladding. 
    Gaseous conductance for the case of closed gap can be given as  
 
cfeff
g
g
k
h                                                               (8) 
In this case δeff is the effective value of physical separation of the surfaces due to their roughness. It is 
expected that δeff will depend upon the interfacial p ressure. However, Cet inkle and Fishenden [7, 8] did  
not find such dependence during measurement o f conductance through metal-metal pairs at  pressure up 
to 800 psi. Ross and Stoute [8, 9] had indicated slight dependence on p ressure for UO2-Zr pairs in the 
pressure range of 1400 to 7000 psi and a fit of their data is given as  
)( cfeff RRC                                                                 (9) 
Where PxC 031025.1exp2  
 
Where Rf , Rc and  P are surface roughness of fuel and clad  and interfacial pressure ( in kg/cm2) 
respectively. Temperature jump distance (δ f & δc) can be obtained from following three methods [8]  
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gg MfaF
P
Tk
A ,,                                                     (10) 
    Where δ is in cm, A is a constant and F is a function of thermal accommodation coefficient  ai , 
mole fraction fi , and molecular weights Mi (in g/mole) of the components of the gas. Here unit of 
thermal conductivity of gas (kg) and contact pressure (P) are in cal/sec-cm-oC and Dyne/cm2 
respectively. 
Method Constant A The Function F 
for Pure Gases 
 
Kennard 2878 
M
a
a2  
GAPCON-
THERMAL-1 
25220 M  
 
Lloyd 2875 
a
M  
 
    Thermal accommodation coefficient for helium gas evaluated based on Ullman et.al [10]. Ullman  
measurements show that the accommodation coefficient depends upon the temperature and for helium 
gas it is given as. 
           Ta 0410*3.2425.0     
    Both Kennard and Lloyd indicate that temperature jump distance are function of accommodation 
coefficient (a). Further Ullman [10] has also shown that the accommodation coefficient depends on the 
species of gas and the temperature of the surfaces. Old  GAPCON code [8] was based on the GAPCON-
THERMAL-1 and new code GAPCON-THERMAL-2 [3, 8] is based on the Lloyd correlations. We 
have found that gaseous conductance evaluated with temperature jump d istance based on GAPCON-1 is 
lower in comparison to Lloyd model. Hence as a conservative approach GAPCON -1 is used for the 
evaluation of gaseous conductance.        
7. Gaseous conduction based on acoustic mismatch theory  
The heat transfer coefficient at  the boundary for clad & fuel surface based  on acoustic mis match theory 
[11] can be given as  
 
c
gasgasBA
c M
VknN
h
8.1
   
f
gasgasBA
f M
VknN
h
8.1
                                (11) 
 
Where 
gas
BA
gas M
TkN
V  and   
TkN
PM
BA
gas
gas
 
Overall gaseous conduction given as  
    
1
111
bulkfc
g hhh
h                                                      (12) 
Where 
eff
gas
bulk
k
h ,    δeff is the effective value of physical separation of the surfaces including 
surface roughness of clad and fuel. 
kB  = Boltzman Constant 
NA = Avagarado Number 
n   = Atomicity 
Mc = Molecular weight of clad 
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Mf = Molecular weight of fuel 
Vgas = Acoustic Velocity 
T  = Gas temperature 
P = gas pressure 
ν = Cp/Cv 
8. Results from closed form analytical solution & discussion 
    Gap  conductance has been evaluated for all the above mentioned models for closed gap condition. 
A parametric study has been carried out to see the effect of contact pressure and gas thermal 
conductivity on gaseous and solid to solid contact conductance. For gaseous conduction four different 
models such as Kennard, GAPCON, Lloyd and Acoustic mis match have been considered and for solid 
to solid conductance. Figure-5 shows variation of Gaseous conduction with  thermal conductivity of gas 
for different model. Acoustic model pred ict gaseous conduction to be min imum and Lloyd predicts 
maximum gaseous conduction. With increase in thermal conductivity gaseous conduction increases. 
Thermal conductivity depends upon parameters such as mole fraction of various gases, gas pressure and 
its temperature. Figure-6 shows the effect of contact pressure on gaseous and solid to solid conductance. 
Solid to solid conductance is almost linearly depends upon the contact pressure. Contact pressure 
depends upon the differential expansion between fuel and clad as a result of temperature rise. It is 
because fuel slug expands more due to higher temperature than the clad. Contact pressure also depends 
on temperature dependent fuel and clad material properties. 
    Gaseous conductance based on GAPCON and solid  to solid conductance based on FRAPCON-3 
have been chosen for further analysis.  
0.0 0.2 0.4 0.6 0.8 1.0
1x104
2x104
3x104
4x104
5x104
6x104
7x104
8x104
Contact pressure = 100 MPa
 Acoustic
 Kennard
 GAPCON
 Lloyd
G
as
eo
us
 c
on
du
ct
io
n 
(W
/m
2 -K
)
Thermal Condictivity (W/m-k)
 
Fig.5.Effect of Gas Thermal Conductivity on Gaseous conductance 
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Fig.6.Effect of Contact Pressure on Gap conductance (gaseous & solid to solid)  
     
242  Vishnu Verma and A. K. Ghosh / Energy Procedia 7 (2011) 234–249
 
By knowing contact pressure, total conductance which is a sum of gaseous and solid to solid gap 
conductance can be evaluated. Contact pressure is evaluated using FEM  considering contact element 
between clad and fuel. Since gap conductance depends upon the contact pressure and contact pressure 
depends upon differential thermal expansion, iterations are required to evaluate gap conductance and 
temperature distribution.. For the analytical model, gap conductance is evaluated based on contact 
pressure of 150 MPa for all cases. 
    As described earlier the analysis has been carried out in  two steps; in first step location of 
maximum centerline temperature and clad temperature were identified by analytical method and there 
after detailed temperature distribution was obtained using FEM by knowing coolant temperature and 
LHR at  those locations. A linear heat generation variat ion for the 750 W/cm (or 75 W/mm) is shown in  
Figure -7 for reflected core reactor. Temperature dependent thermal conductivity is used for U+Pu 
material. However thermal conductivity based on averge temperature is used for no groove geometry  
(for analytical method). Maximum temperature rise of coolant has been evaluated for bare and reflector 
reactor, which are shown in Table-3. Th is shows that coolant temperature rise is more in reflector 
reactor by 14.2 C for LHR of 300 W/cm and 37.8 C for LHR of 800 W/cm. Fo r both the analysis (with 
analytical and FEM) LHR is considered for reflected core reactor.  
Table -3:Average LHR and Maximum coolant temperature rise for bare and reflected core  
S.N. Max. LHR 
(W/cm) 
Average 
LHR for 
bare 
reactor 
(W/cm)  
Average 
LHR for 
reactor with 
reflector 
(W/cm) 
Coolant temp. rise 
based on average 
LHR  
(bare reactor) 
Coolant temp. rise based 
on average LHR  
(reactor with reflector) 
1 300 191 221.4 88.9 103.1 
2 350 222.8 258.3 103.7 120.3 
3 400 254.6 295.2 118.5 137.4 
4 450 286.5 332.1 133.4 154.6 
5 500 318.3 369.0 148.2 171.8 
6 550 350.1 405.9 163.0 189.0 
7 600 382 442.7 177.8 206.1 
8 650 413.8 479.6 192.7 223.3 
9 700 445.6 516.5 207.5 240.5 
10 750 477.5 553.4 222.3 257.7 
11 800 509.3 590.4 237.1 274.9 
Coolant (Na) inlet temperature = 633 K (360 oC); Pin length = 1000 mm; Mass flow rate = 36.7 Kg/sec 
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Fig.7.Linear Heat Rate variation along axial direction of fuel pin [2] 
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    The temperature plot for fuel, clad and coolant for no groove geometry (based on closed form 
analytical method) is shown in Figure-8. Figure-8 also shows that maximum clad temperature is close 
to exit plane. Location of maximum centerline temperature and corresp onding LHR and coolant 
temperature is shown in  Table -4. Table-4 also shows LHR and coolant temperature at the location of 
maximum clad inner surface temperature.  Maximum temperature for circu lar cy lindrical fuel, clad  
(inner and outer surface) and coolant based on analytical method are shown in Figure -9 and in Tab le-5. 
Since there is no groove (geometry considered for analytical method), these temperature predict lower 
temperature in the fuel.  
Table-4: Coolant temperature, LHR and its location for Maximum fuel centerline  and clad 
temperature (evaluated based on analytical method) 
Max. 
LHR 
(W/c
m) 
(A1) 
Location of 
maximum 
centerline 
temperature 
from inlet plane 
(mm) 
Coolant temperature 
(K) at location given 
in first column (A1) 
LHR at  
location (A1) 
maximum 
centerline 
temperature 
(W/cm) 
LHR and coolant temperature at 
location based on maximum clad 
inner surface temperature 
Coolant 
temperature 
(K) 
LHR 
(W/cm) 
300 629 702.2 283.0 722.9 208.7 
350 631 714.1 329.6 737.8 243.5 
400 632 725.8 376.3 752.8 278.3 
450 634 737.8 422.6 767.8 313.1 
500 636 749.9 468.6 782.8 347.8 
550 637 761.8 515.0 797.7 382.6 
600 639 774.1 560.7 812.7 417.4 
650 640 786.1 606.8 827.7 452.2 
700 641 798.2 652.8 842.7 487.0 
750 643 810.6 698.0 857.6 521.8 
800 644 822.8 747.8 872.6 556.5 
Note- Gap conductance based on 150 MPa (for gas conductivity of 0.3 W/m-K) is used for all the cases  
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Fig.8.Temperature distribution for cylindrical fuel (no groove), based on analytical model [2] 
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Fig.9.Effect of LHR on Maximum Temperature variation on cylindrical fuel centerline, clad and coolant 
temperature (no groove); Analytical solution [2] 
Table-5: Maximum temperature of coolant, clad (inner and outer surface), fuel surface and fuel 
centerline (evaluated based on analytical method for rector with reflector) 
S.N. Max. 
LHR 
(W/cm) 
Maximum 
coolant 
temperature 
(K) 
Maximum 
clad outer 
surface 
temperature 
(K) 
Maximum clad 
inner surface 
temperature 
(K) 
Maximum 
fuel surface 
temperature 
(K) 
Maximum 
Fuel 
centerline 
temperature 
(K)  
1 300 736.1 740.6 758.8 769.8 845.7 
2 350 753.2 758.5 779.8 792.6 878.7 
3 400 770.4 776.4 800.7 815.4 911.1 
4 450 787.6 794.3 821.7 838.2 943.1 
5 500 804.8 812.3 842.7 861.0 974.6 
6 550 822.0 830.2 863.6 883.8 1006 
7 600 839.1 848.1 884.6 906.7 1037 
8 650 856.3 866.0 905.6 929.5 1067 
9 700 873.5 884.0 926.7 952.3 1097 
10 750 890.7 901.9 947.5 975.1 1127 
11 800 907.8 919.8 968.5 997.9 1157 
Note- Gap conductance based on 150 MPa (for gas conductivity of 0.3 W/m-K) is used for all the cases  
coolant inlet temperature 633 K(360 C) 
9. Fem analysis 
    To know maximum temperature in actual geometry (with semicircular g roove in fuel slug), Finit e  
Element Method has been employed. Input data such as linear heat generation rate, coolant temperature 
is obtained from closed form analysis and temperature distribution evaluated by FEM analysis on same  
location for LHR ranging from 300 W/cm to 800 W/cm. It has been observed that there will be 
limitat ion of LHR on the basis of maximum clad temperature rather than centerline temperature. Hence, 
detailed temperature distribution was also evaluated at the location (based on analytical method) where 
clad temperature is expected to be maximum.  
    Due to symmetry in the fuel pin cross -section, only one half of geometry has been considered for 
the analysis. A finite element mesh of the geometry (cylindrical geometry  with two  groove) is shown in  
Figure-10. Surface roughness is not modeled, however a uniform gap of 4 micron between fuel slug and 
Zr barrier layer and clad has been considered with the help of contact element. Gap conductance, which 
is required as input was generated based on gap conductance model for closed gap. Interfacial pressure 
was also evaluated using FEM and gap conductance updated based on this. 
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Fig.10.Finite Element Mesh (geometry with semicircular groove) 
10. Results from fem analysis and discussion 
    Variation of fuel centerline temperature (at location of maximum fuel centerline temperature), clad  
temperature (at location of maximum clad temperature) for T91 materials are shown in  Figure-11 for 
two and four groove geometry, which shows that LHR limitat ion first reaches based on clad temperature 
instead of fuel centerline temperature.  Figure-11 also shows that LHR limitation first reaches for four 
groove geometry then two groove. Hence two groove geometry is better then four groove from heat 
transfer point of view. Figure shows that for two groove geometry maximum allowable LHR is 775 
based on fuel melt ing and 685 W/cm based on clad eutectic formation temperature for T91 clad material.  
Fuel centerline and clad temperature evaluated with FEM is also shown in Table-6.  
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Fig.11.Variation of fuel centerline and clad inner temperature with LHR (FEM analysis for geometry with four 
semicircular groove) 
 
 
 
 
 
 
 
 
 
 
 
 
 
246  Vishnu Verma and A. K. Ghosh / Energy Procedia 7 (2011) 234–249
 
Table-6: Fuel Centerline and clad temperature based on FEM analysis  
(at the location of maximum centerline and clad temperature, Two groove geometry) 
  Based on location at maximum centerline 
temperature 
 
Based on location at maximum clad 
temperature 
 
S.No Max 
LHR 
(W/c
m) 
 
LHR at the 
location of 
maximum 
centerline 
temperature 
 
(W/cm) 
 
Coolant 
Temperature 
at the 
location of 
maximum 
centerline 
temperature 
(K) 
Fuel 
Centerline 
temperature 
(K) 
LHR at the 
location of 
maximum 
clad 
temperature 
 
(W/cm) 
 
Coolant 
Temperature 
at the location 
of maximum 
inner clad 
temperature 
(K) 
clad 
temper
ature 
(K) 
Minimum** 
contact 
pressure at 
maximum 
centerline 
temperature 
location 
(MPa) 
1 800 747.8 822.8 1258 556.6 872.6 971 158.1 
2 750 698.0 810.6 1223 521.8 857.6 950  
3 700 652.8 798.2 1188 487.0 842.7 928.8  
4 650 606.8 786.1 1153 452.2 827.7 907.6  
5 600 560.7 774.1 1117 417.4 812.7 886.4 129.6 
6 400 376.3 725.8 978.0 278.3 752.8 801.9 102.5 
7 300 283.0 702.2 897.3 208.7 722.9 759.6 86.3 
 
* - Gap conductance based on 150 MPa contact pressure (gas conductivity of 0.3 W/m-K) 
$ - Gap conductance based on 100 MPa contact pressure (gas conductivity of 0.3 W/m-K) 
**- Refer figure 14 and 15: maximum contact pressure acts on a very small area. The average contact 
pressure is therefore slightly more than the minimum contact pressure. Gap conductance is evaluated on 
the basis of the min imum contact pressure and thus the maximum values o f temperature are 
conservatively evaluated. 
    Temperature contour plot in  cross section of fuel p in for two and four groove geometry is shown in 
figures 12 and 13 respectively for LHR of 650 W/cm at the location (based on analytical result for no 
groove geometry) where clad temperature is maximum.     
 
 
Fig.12.Temperature contour plot of a section of fuel pin (Two groove geometry, Maximum LHR =650 W/cm) 
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Fig.13.Temperature contour plot of a section of fuel pin 
    The contact pressure is evaluated by a coupled thermo-mechanical analysis. This analysis assumes 
linear elastic behaviour. Contact pressure variation for two and four groove geometry is shown in 
Figure 14 and 15 respectively. On  horizontal axis, variat ion of d istance from groove reg ion along the 
interface is shown and on vertical axis contact or interfacial pressure is given. These figures show that 
contact pressure is maximum at  close to groove region where fuel s lug starts contacting with clad. 
Maximum contact pressure acts on a very small area. The average contact pressure is therefore slightly 
more than the min imum contact pressure. Gap conductance is evaluated on the basis of the min imum 
contact pressure (see table-6) and thus the maximum values of temperature are conservatively evaluated. 
However for one case (max LHR of 750 W/cm for two  groove geometry) pressure dependent gap 
conductance has been considered and it was found that maximum reduction in centerline  and clad 
temperature is only 7 and 1 C respectively. A refined elasto-plastic analysis will yield a realistic value of 
the contact pressure. 
 
  
 
 
 
 
 
                                  
 
          
 
 
 
    Contact Pressure  
        (MPa) 
 
                 
 
 
 
 
 
                               distance (mm) 
Fig.14.Variation of Contact Pressure along contact surface from semicircular groove region to middle of the region 
of fuel slug (LHR =750 W/cm) 
 
Contact 
Pressure 
(MPa) 
B 
C 
A 
248  Vishnu Verma and A. K. Ghosh / Energy Procedia 7 (2011) 234–249
 
 
 
 
 
 
 
 
                               
 
 
                
       
 
                 
 
 
 
 
 
 
 
 
 
 
 
    A 
                        Distance (mm) 
Fig 15.Variation of Contact Pressure along contact surface from semicircular groove region to middle of t he region 
of fuel slug. 
 
A comparison of analytical results with 2-groove and 4-groove geometries for LHR of 300 and 750 
W/cm is shown in Table-7. Effect of rad iation heat transfer on the fuel pin temperature is shown in 
table-8. Which shows that there is a reduction of only 2 oC in centerline temperature fo r a LHR of 800 
W/cm.  
Table-7Comparison of analytical results for fuel with no groove with those for fuel having 2 and 4 
grooves 
 
 
 
 
 
 
 
 
 
 
 
 
Table-8 Effect of radiation heat transfer on centerline and clad temperature. 
 
Linear heat generation rate = 800 W/cm; 4- grooved geometry.  
 Max. LHR 
(W/mm) 
Centerline 
temperature 
Clad 
temperature 
(K) 
Temperature 
(K) 
Temperature 
(K) 
Analytical  
30 
 
847 740.6 
2-groove 894.5 758.9 
4-groove 902.5 761.0 
Analytical  
75 
1130 947.5 
2-groove 1213 947.6 
4-groove 1223 952.6 
 U + Pu Clad 
 Maximum 
temperature (K) 
Minimum 
temperature (K) 
Maximum 
temperature (K) 
Minimum 
temperature (K) 
With radiation 1274 1038 961.2 843.0 
Without radiation 1276 1039 961.9 843.2 
 B  C 
A 
Contact 
Pressure
(MPa) 
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Gap conductance is considered only between the Zr barrier layer and fuel slug. The contact conductance 
depends upon the contact pressure. Due to thermal expansion between fuel and clad and radiation 
induced swelling, the physical gap (between Zr layer and fuel slug) will reduce and groove region will 
be filled (due to swelling) leads to higher contact conductance; however thermal conductivity of fuel 
slug will reduce due to radiation induced swelling. Hence both effects will tend to compensate each 
other. The drop of fuel thermal conductivity due to radiation induced swelling at 2 atom % burn up is 
about 25 %. 
11. Conclusion 
    Temperature d istribution in  metallic fuel has been evaluated based on  FEM analysis at the location 
of maximum centerline and clad temperature for 2 and 4 g roove geometry. Its location was evaluated 
based on a analytical method.  
    Gap conductance was evaluated for closed gap for various model. Effect of contact pressure and 
thermal conductivity of gas on gap conduction has been studied. Contact pressure was evaluated with 
the help of FEM analysis. 
    It is found that limit ing value of LHR first reaches based on clad temperature rather than fuel 
centerline temperature. Clad and centerline temperatures are higher in four groove geometry compared  
to 2- groove geometry thus allow less LHR in comparison to both the geometry.Effect  of radiat ion heat 
transfer is insignificant. 
    These limits may be modified due to various uncertainties involved. 
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